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Thermal conductivity measurements in the superconducting state of the ferromagnet UCoGe were
performed at very low temperatures and under magnetic field on samples of different qualities and
with the heat current along the three crystallographic axis. This allows to disentangle intrinsic
and extrinsic effects, confirm the situation of multigap superconductivity and shed new light on the
situation expected or claimed for the gap in these ferromagnetic superconductors, like evidences of
absence of “partially gapped” Fermi surfaces.
PACS numbers: 72.15.Eb, 74.25.fc, 74.70.Tx, 75.30.Mb, 75.50.Cc
The orthorhombic heavy fermion system UCoGe is one
of the few compounds exhibiting long range coexistence
between weak itinerant ferromagnetism and supercon-
ductivity [1]. Microscopic coexistence of both orders has
been proved by µSR and NQR measurements on different
samples [2, 3], and it is believed that UCoGe, like URhGe
and UGe2, is an odd-parity (triplet) p-wave superconduc-
tor: this claim is supported by the high upper critical
field value exceeding the paramagnetic limit [4, 5], and
by recent Knight-shift measurements [6]. These results
are also in agreement with the more precise prediction,
that large band splitting induced by the Fermi surface
polarization in the ferromagnetic state, would trigger an
“equal spin pairing (ESP) state” [7, 8].
Beyond these general features, little is still known on
the superconducting order parameter of UCoGe. Early
NQR and thermal conductivity measurements suggested
possible line nodes of the gap [9, 10], but in samples
with large residual terms, suggesting that about 50%
of the volume was remaining non superconducting, or
dominated by gapless impurity bands. The position of
these hypothetical nodes is also undetermined. Owing to
the large residual density of states observed in the su-
perconducting state, it has also been claimed that only
partial gaping of the Fermi surface is occurring in these
ferromagnetic superconductors, and notably in UCoGe
[3, 11], like in the A1 phase of superfluid 3He, or that
a self-induced vortex-state is triggered by the ferromag-
netic background [9, 12–15]. More generally, it has been
predicted (but not verified experimentally), that the ESP
state should also be a multigap state, with different gap
amplitudes on the minority and majority spin bands [8].
We present here results obtained on 5 samples of
UCoGe. The choice of this system among the three
known ferromagnetic superconductors is motivated by
the availability of high quality crystals, together with
a bulk superconducting transition temperature TSC ≈
0.5K at ambient pressure, allowing measurements below
TSC/10. The measurement of these different crystals al-
lows the distinction of intrinsic and extrinsic behaviors,
and the exploration of the anisotropy of the supercon-
ducting properties. A main result is the proof of the
absence of partially gapped Fermi surfaces in the super-
conducting state, like the A1 phase of superfluid 3He and
the confirmation of the recent suggestion reported in [10],
that UCoGe could have several gaps.
Experimental. High-quality single crystals were grown
using the Czhochralski method in a tetra-arc furnace. All
of them are bar shaped, cut along one crystallographic a,
b or c-axis, and were characterized by specific heat, Laue
X-ray diffraction and resistivity measurements. The ef-
fect of the quality on the resistivity and specific heat may
be observed in, e.g., references [11, 16]. The samples are
labelled Six, the exponent i is the heat current direction
(jQ) and the subscript x is their residual resistivity ratio
(RRR, defined as RRR = ρ(300K)/ρ(T→0K), with ρ the
electrical resistivity measured with the current along the
i-axis). Sample Sc
47
was cut from a single crystal ingot,
after annealing at 1250◦C for 12h under ultra high vac-
uum (UHV). The bar shaped sample was subsequently
annealed at 900◦C for 14 days under UHV. The other
samples, Sc
16
, Sc
110
, Sa
65
and Sb
150
were obtained from
other single crystal ingots with annealing at 900◦C for
14 days without high temperature annealing.
Sample Sc47 appears as the most homogeneous one,
even though its RRR is not the highest one. This superior
homogeneity is observed both on the sharpness of the fer-
romagnetic and superconducting resistive transitions and
on the specific heat and thermal conductivity anomalies
at both transitions. This absence of correlation between
improvement of residual resistivity and sharpness of su-
perconducting transitions is well known in heavy fermion
systems (an archetypal example is URu2Si2), and is prob-
ably related to the fact that residual resistivity is sensi-
tive to “small size” defects (impurities, vacancies...) af-
fecting the mean free path, whereas the broadening of
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FIG. 1. a) Low temperature (below TSC ≈ 0.5K) thermal
conductivity of the five samples. Labels indicate heat current
direction and RRR values. Note that the data do not con-
verge to a unique (universal) value (see text), indicated by the
black arrow, even if restricted to samples cut along the same
c-axis. b) Normalized residual thermal conductivity versus
RRR, for all 5 crystals, with error bars resulting from the
linear extrapolation to T = 0K of the data of figure 1.a).
transitions is sensitive to large scale defects (like strain
induced in the sample, gradients of composition...) in-
ducing a distribution of transition temperatures. Even
though this sample Sc
47
is labelled as if cut along the
c-axis, it should be noted that the high temperature
annealing led to a disorientation of the sample, which
happens to be cut 30◦ off the c-axis in the (b,c) plane.
It could have happened due to the crossing during the
“high temperature annealing” of a phase change occur-
ring slightly before the melting temperature [17].
Low temperature thermal conductivity (κ) measure-
ments were performed down to 10mK and up to 8.5T
with the standard one-heater two-thermometers setup,
in the configurations H//c, the easy magnetization axis,
andH//b, the second easy magnetization axis. The heat
gradient is produced by Joule heating through a 10 kΩ
resistance and is measured with carbon Matsushita ther-
mometers, which were re-calibrated in situ at each exper-
iment in zero field with a CMN (2Ce(NO3)3-3Mg(NO3)2-
24H2O) paramagnetic salt. The results are independent
from the applied thermal gradient, which was typically in
the range ∆T/T ∼ 0.1−2%. To minimize heat losses, the
thermometers and the heater are suspended on the sam-
ple holder with Kevlar wires (20µm diameter) and elec-
trical measurements are done with pure NbTi supercon-
ducting wires (35µm diameter). The electrical resistivity
(ρ) was measured with a current of typically 0.1mA at
high temperature, and was reduced at low temperature
to avoid heating due to Joule effect. This Joule effect
is mainly dominated by the contact resistances, of or-
der 3 to 10mΩ. The Wiedemann-Franz law (WFL) was
checked for all measurements in the normal state (L = κρ
T
is equal to the Lorentz number L0 = 2.44 · 10
−8WΩK−2
for T → 0K). Zero field measurements were performed
with a zero field cooled magnet to avoid residual mag-
netic fields. All measurements have been done at fixed
field, changed in the normal state to have a more ho-
mogeneous field distribution in the sample. As physical
properties are strongly angle dependent [5], two goniome-
ters with piezo-electric actuators have been installed, to
align precisely and in-situ the samples for field measure-
ments along the b-axis.
It has been shown that in UCoGe, magnetic fluctua-
tions are present down to low temperature and contribute
to thermal conductivity [18]. This was a real surprise, as
these contributions exist above TCurie, so do not nec-
essarily arise from magnon modes but also from over-
damped fluctuations. In any case, these contributions
should be removed from the total thermal conductivity
to study the superconducting phase: this has been done
on all (and only on these) normalized data (κSC/κN)
presented here. The magnetic and phonon contributions
in the superconducting state have been estimated by ex-
trapolation of the normal state data [18], supposing that
the superconductivity does not affect their dispersions.
It has been shown however that, except for sample Sb
150
,
they correspond to less than 15% of the total thermal
conductivity at TSC , and that they decrease rapidly on
cooling and under field applied along the c-axis [18].
Moreover, for all samples, including Sb150 (with a higher
amplitude of the magnetic contributions), the normalized
data appear to be weakly dependent of the precise model
for the magnetic contribution [19]. Normalized data at
zero temperature do not depend at all of this extra con-
tribution, which vanishes in this limit: this is expected
for a bosonic contribution, and checked experimentally
as the Wiedemann-Franz law is verified (above the up-
per critical field) in UCoGe in the limit of T → 0K [18].
1.0
0.8
0.6
0.4
0.2
0.0
ksc_
k
   N
1.00.80.60.40.20.0
T/Tsc
H = 0T
 S65
a
 S150
b
 S110
c
FIG. 2. Normalized thermal conductivity versus normalized
temperature for the heat current along the three crystallo-
graphic directions. The results are similar for the three crys-
tallographic directions, and the difference at the lowest tem-
perature seems to be governed by the residual term, through
the RRR (see figure 1.b)).
Residual term and sample quality. Figure 1.a) displays
3the thermal conductivity divided by the temperature
(κ/T ) at zero field of the five samples up to 0.2K (a wider
temperature range of the measurements has already been
presented in [18]). Note that the residual thermal con-
ductivity changes with the RRR. Particularly, a linear
extrapolation of the thermal conductivity gives κ
T
∣
∣
T→ 0K
= 0.19, 0.13 and 0.046WK−2m−1 for samples Sc
110
, Sc
47
and Sc16 respectively, i.e. for the given heat current di-
rection jQ//c. This indicates that the regime of the uni-
versal limit, expected for d -wave superconductors when
the heat current is in the nodal direction, is not reached
in our measurements [20, 21]. A rough estimation of the
expected value (from the formulas in [20]), shown by an
arrow on the figure 1.a), is around 0.07WK−2m−1, if the
relative slope of the gap at the putative nodes [20] is equal
to 1. This violation of the “universal limit” may be due
to the fact that the samples are still too inhomogeneous
(normal parts remain in the sample), or more likely, that
the universal limit does not exist in this compound (if
for example, the gap vanishes at point nodes along the
c-axis, or if the compound is multigaped).
It should be noticed that the residual term, in ferro-
magnetic superconductors, magnetic domain walls and
self induced vortices can be present even in zero field.
For a superconductor in the clean limit, vortex core con-
tribution is known to be negligible, and the main effect
should be on the scattering mechanism. But even in the
best samples, the mean free path remains governed by im-
purity (or defect) scattering the internal field is at most
10mT [13], so we do not expect to observe any measur-
able effect on the thermal transport.
The normalized residual thermal conductivity is de-
fined as
κ0,SC
κ0,N
= limT→0K
κSC
κ0,N
and
κ0,N
T
= L0
ρ0
, ρ0 the
residual electrical resistivity. It is plotted versus the
RRR in figure 1.b): it decreases linearly with the RRR,
highlighting that the superconducting ground state is
strongly dependent on the density of impurities and de-
faults, as expected for unconventional superconductivity
(see e.g. [22]). The decrease of κ0,SC/κ0,N also high-
lights the fact that no Fermi surface remains intrinsically
normal in the superconducting state. This contradicts
theories claiming that superconductivity in UCoGe may
be described like the A1 phase of superfluid 3He [23],
based on the results of the early NQR experiments [3, 9].
Indeed, as the proportion of minority spins compared to
the majority spins should not depend on the RRR, the
normalized residual thermal conductivity, if it was con-
trolled by an un-gapped Fermi surface of one of the spin
species, should also be RRR independent.
Gap anisotropy. The normalized thermal conductiv-
ity in the superconducting state is displayed in figure
2, for the heat current applied in the three crystallo-
graphic directions (samples Sa65, S
b
150 and S
c
110). The
normalized thermal conductivity in the superconducting
state is quite similar for the three heat current direc-
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FIG. 3. Temperature dependence of the thermal conductivity
of sample Sc47 at several fields. The arrows correspond to
the superconducting temperature. Note the change of regime
below 0.1K in zero field, which is quickly suppressed by fields
much lower than Hc2.
tions: the residual term seems directly proportional to
the RRR of the sample, whatever the current direction
(see figure 1.b)), and a linear increase of κSC/κN with
temperature for T . 0.4 TSC . Such a temperature de-
pendence is often claimed to be an (indirect) proof of
line of nodes in the current direction, due to the effects
of impurities for such a gap topology. However, it is al-
ways difficult, if not impossible, to distinguish between
a residual term due to (homogeneous) gapless behavior
arising from impurity bands [24], or from a distribution
of critical temperatures in the sample including non su-
perconducting regions: for example, such a linear be-
havior has been measured in the skuterrudite PrOs4Sb12
[25], until sample improvement revealed a nodeless gap
with a T 3 (phonon dominated) temperature dependence
of the heat transport. In UPt3, the first thermal conduc-
tivity measurements gave an isotropic and linear ther-
mal conductivity (κ/T ) in the superconducting state [26]
and much better quality samples were required to ob-
serve the “intrinsic” T 2-behavior [27, 28] arising from line
nodes. At the present stage, our measurements do not re-
veal a pronounced nodal anisotropy of the superconduct-
ing gap, despite theoretical predictions for orthorhom-
bic p-wave superconductors suggesting a very anisotropic
nodal structure, or no nodes at all [7, 8].
Thermal spectroscopy. Sample Sc
47
was measured un-
der field applied along the c-axis. The relatively low
value of the upper critical field (Hcc2 ≈ 1T) along this
direction allows us to probe the entire superconducting
phase. Such a study has been performed on this sam-
ple as it is the most homogeneous one. The temperature
dependence at a given field is shown on figure 3. The
measurement at 1.1T is entirely in the normal phase.
The arrows point to the superconducting temperature
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FIG. 4. Temperature dependence of the normalized thermal
conductivity versus the normalized temperature for samples
S
c
47 and S
b
150 at zero field. The change of regime at ≈ 0.2 TSC ,
already apparent on figure 3, shows up even more clearly
after suppression of the magnetic and phonon contribution,
and with the normalization to the normal state extrapolated
value. It is a strong support for multigap superconductivity.
Dashed lines are guides to the eyes.
at each field. The superconducting transition has been
determined as the onset of the deviation of the Lorenz
number (L = κρN
T
and ρN = ρ0 +AT
2) from its (linear)
extrapolation to L0 for T → 0K. In the superconducting
state, the zero field curve seems to display two regimes:
the thermal conductivity decreases monotonously in the
whole temperature range below TSC , but the decrease is
more pronounced and linear below 0.1K. This change of
regime disappears very rapidly for small applied fields:
for fields higher than 0.2T, the thermal conductivity de-
creases linearly from TSC down to the lowest measured
temperatures.
Interestingly, the change of regime in zero field is even
more striking on the normalized thermal conductivity
data, which is displayed on figure 4. In this latest fig-
ure, we display also the same normalized data for sample
Sb
150
, cut along the b-axis, which has the smallest resid-
ual term of all measured samples (same data as on figure
2): clearly, an even stronger decrease of κSC/κN is ob-
served below 0.2TSC on this sample, due to its smaller
residual term. Although less visible, when homogeneity
or purity are weaker, this change of regime at 0.2TSC is
also detected in the other samples. Both this change of
regime and its disappearance for fields much lower than
Hc2 are naturally explained by multigap superconduc-
tivity (see for example the specific heat data in MgB2
[29]), and could only be explained by an additional low
temperature phase transition in single gap superconduc-
tors. For example, the system could go from a A1-like
superconducting phase (electrons partially condensed) to
a fully condensed state below a certain temperature. This
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FIG. 5. Full symbols: the normalized thermal conductiv-
ity versus normalized field extrapolated at zero temperature
when the field is applied along the b and the c-axis of sample
S
b
150. The normalizing (upper critical) field along the c-axis
is Hcc2 = 1T and, along the b-axis, has been extrapolated to
H
b
c2 = 50T (see text for explanation). The figure displays
also the thermal conductivity of Nb [32], PrOs4Sb12 [33] and
MgB2 [34].
is however unlikely as, in superfluid 3He, a specific heat
anomaly has been observed at the transition from the
A1 to the A2 phase [30]. By analogy, a thermodynamic
signature would be expected in UCoGe at 0.2TSC.
Field spectroscopy. Measurements up to 8.5T with the
field along the b and the c-axis were performed on sam-
ple Sb
150
. The normalized thermal conductivity is plotted
against the normalized field on figure 5 in the limit T →
0K. The critical fields for normalization have been taken
asHcc2 = 1T for the c-axis andH
b
c2 = 50T for the b-axis.
This value of Hbc2 is not the true upper critical field at
zero temperature, but the extrapolation of the upper crit-
ical field from its initial slope at TSC (H < 8T), which is
more relevant for this purpose: at higher field values, Hbc2
displays an “S”-shape [5], indicating an unusual change
of the pairing strength or of the normal state under field
(like that expected for a topological change of the Fermi
surface due to a Lifshitz transition [31]).
It appears clearly on figure 5 that for both field con-
figurations, two energy scales are found: first a rapid
increase from 0 to H/Hc2 ≈ 0.05 followed by a plateau
at the values κSC/κN ≈ 0.35 in the configuration H//c,
and κSC/κN ≈ 0.45 when H//b. A second step is found
at H/Hc2 = 0.8 when H//c. By comparison, the ther-
mal conductivity of the one band superconductor Nb [32]
and of the two band superconductors MgB2 [34] and
PrOs4Sb12 [33] are displayed on the same graph. The
two-step behavior of the field dependence of the zero tem-
perature κSC/κN is typical of multigap superconductors.
The first step arises from the suppression of the small gap
by an effective upper critical field much smaller than the
5true Hc2. Let us note that a Doppler shift of the exci-
tation spectrum of a single band superconductor would
be governed only by a single energy scale (Hc2(0)), and
would never explain a recovery of 40% of the normal state
value on such a small renormalized field range. So both
the very strong increase at low field, and the plateau,
pointing to a second field scale, are a hallmark of multi-
gap superconductivity. Such a trend was already ob-
served in sample Sc
16
[10], but only for the configuration
H//b, probably due to the too large residual term com-
pared to the contribution of the small gap band. More-
over like in PrOs4Sb12 [33], the consistency between the
thermal (figure 4) and magnetic field (figure 5) behavior
of κ/T is an additional strong support for the conclusion
that UCoGe is indeed a multigap superconductor.
Conclusion. This study of crystals of different qual-
ity and orientations could firmly establish that UCoGe
is certainly not in the same regime as the A1 phase of
superfluid 3He, but is clearly a multigap superconductor.
This is also a good reason for not reaching the universal
conductivity regime (as demonstrated for transport along
the c-axis). The origin of this multigap superconductiv-
ity is however elusive: is it controlled by a change of
coupling strength owing to the f -character of the bands
[33, 35], or by the spin state (majority/minority) of the
underlying ferromagnetic ground state? The very strong
upward curvature of the upper critical field along the
c-axis, which is very unusual [5], should be revisited in
the light of this two band model, and might give a clue
to this question. A second open question is to deter-
mine the symmetry of the superconducting order param-
eter in this ferromagnetic superconductor, and notably
to probe if theoretical predictions of a very anisotropic
nodal structure (if any) are verified: up to now, a rather
isotropic behavior of κ/T has been found, pointing either
to an isotropic nodal structure, or more likely to domi-
nant (isotropic) impurity effects. The solution to this
problem is certainly lying in crystals of further improved
RRR, which might be at reached for this system.
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